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SUMMARY 
A summary o f  per fo rmance and l i f e t i m e  c h a r a c t e r i s t i c s  o f  p u l s e d  and 
s t e a d y - s t a t e  magnetoplasmadynamic (MPD) t h r u s t e r s  i s  p r e s e n t e d .  The t e c h n i -  
c a l  f o c u s  i s  on c a r g o  v e h i c l e  p r o p u l s i o n  for e x p l o r a t i o n - c l a s s  m i s s i o n s  t o  t h e  
Moon and Mars. 
have been r e p o r t e d  a t  about  5000 s s p e c i f i c  impu lse  u s i n g  hydrogen and 
l i t h i u m ,  r e s p e c t i v e l y .  E f f i c i e n c i e s  o f  0.10 t o  0 .35  i n  t h e  1000 t o  4500 s spe- 
c i f i c  impu lse  range have been ob ta ined  w i t h  o t h e r  p r o p e l l a n t s  (e .g .  A r ,  "3, 
N2). Thermal e f f i c i e n c y  d a t a  i n  excess o f  0.80 a t  MW power l e v e l s  u s i n g  
p u l s e d  t h r u s t e r s  i n d i c a t e  t h e  p o t e n t i a l  o f  h i g h  MPD t h r u s t e r  per fo rmance.  
2 Extended t e s t s  o f  p u l s e d  and s teady -s ta te  MPD t h r u s t e r s  y i e l d  t o t a l  impu lses  
A a t  l e a s t  two t o  t h r e e  o r d e r s  o f  magnitude be low t h a t  necessary  f o r  c a r g o  v e h i -  
c l e  p r o p u l s i o n .  Performance t e s t s  and d i a g n o s t i c s  f o r  l i f e - l i m i t i n g  mecha- 
nisms o f  megawatt-c lass t h r u s t e r s  w i l l  r e q u i r e  h i g h  f i d e l i t y  t e s t  s tands  wh ich  
hand le  i n  excess o f  10 kA and a vacuum f a c i l i t y  whose o p e r a t i o n a l  p r e s s u r e  i s  
l e s s  t h a n  3 ~ 1 0 - ~  to r r .  
R e l a t i v e l y  h i g h  MPD t h r u s t e r  e f f i c i e n c i e s  o f  0.43 and 0.69 
INTRODUCTION 
The magnetoplasmadynamic (MPD) t h r u s t e r  system i s  an a t t r a c t i v e  c a n d i d a t e  
f o r  l u n a r  and Mars ca rgo  v e h i c l e  p r o p u l s i o n  as w e l l  as o r b i t  r a i s i n g  a p p l i c a -  
t i o n s .  The h i g h  s p e c i f i c  impu lse  (1000-5000 s )  p r o v i d e d  by  t h e  MPD t h r u s t e r  
m i n i m i z e s  p r o p e l l a n t  requ i remen ts  and improves t h e  mass t r a n s f e r  c a p a b i l i t y  to  
l o w - E a r t h - o r b i t  (LEO). For example, Mars c a r g o  v e h i c l e s  u s i n g  h i g h  pe r fo rm-  
ance chemica l  p r o p u l s i o n  r e q u i r e  p r o p e l l a n t - t o - t o t a l  v e h i c l e  mass f r a c t i o n s  o f  
0.7 t o  0.8 as shown i n  f i g u r e  1 ( r e f .  1 ) .  A l t h o u g h  a e r o b r a k i n g  techn iques  
m i g h t  be employed a t  Mars and f o r  Ear th  r e t u r n  t o  m i n i m i z e  t o t a l  v e h i c l e  
i n i t i a l  mass i n  LEO, t h e  d a t a  of f i g u r e  1 i n d i c a t e  t h a t  t h e  p r o p e l l a n t  i s  
s t i l l  a p p r o x i m a t e l y  70 p e r c e n t  o f  t h e  i n i t i a l  mass. 
I n  a d i f f e r e n t  s i t u a t i o n ,  shown i n  f i g u r e  2, a 180 m e t r i c  t o n  pay load  can 
be d e l i v e r e d  t o  Mars u s i n g  a 5000 s s p e c i f i c  impu lse ,  4 MW ca rgo  v e h i c l e  
employ ing  e l e c t r i c  p r o p u l s i o n  w i t h  the r e q u i r e d  mass i n  LEO reduced by a f a c -  
to r  o f  1.9 compared t o  c r y o g e n i c  chemical p r o p u l s i o n  ( r e f .  2 ) .  I n  a d d i t i o n  t o  
t h e  b e n e f i t  o f  h i g h  s p e c i f i c  impulse o p e r a t i o n ,  t h e  MPD t h r u s t e r  system may 
a l s o  y i e l d  l ower  t o t a l  m i s s i o n  d u r a t i o n  t h a n  encoun te red  u s i n g  chemical  p r o p u l -  
s i o n  s i m p l y  because o f  t h e  t i m e  needed t o  accumulate a d d i t i o n a l  p r o p e l l a n t  i n  
LEO t h r o u g h  m u l t i p l e  launches ( r e f .  3 ) .  
For t h e  l u n a r  and Mars ca rgo  v e h i c l e  a p p l i c a t i o n s ,  t h e  MPD t h r u s t e r  t ech -  
n o l o g y  g o a l s  w i l l  need to  i n c l u d e  demonst ra t ions  o f  0.1 t o  10 MW s t e a d y - s t a t e  
t h r u s t e r s  a t  t h r u s t  e f f i c i e n c i e s  i n  excess o f  0.6 and l i f e t i m e s  i n  t h e  1000 t o  
10 000 h r  range.  Cand ida te  p r o p e l l a n t s  iill p;obably i n c l u d e  hydrogen as w e l l  
as e a s i l y  s t o r e d  p r o p e l l a n t s  such as ammonia, h y d r a z i n e ,  and argon.  S c a l i n g  
r e l a t i o n s ,  performance l i m i t s ,  and l i f e t i m e  p r o j e c t i o n s  o f  mu l t imegawat t  c l a s s  
MPD t h r u s t e r s  w i l l  have t o  be deve loped u s i n g  quas i - s teady  s t a t e  d e v i c e s .  
G iven these p r e l i m i n a r y  techno logy  g o a l s ,  an assessment o f  t h e  c u r r e n t  s t a t e  
of MPD t h r u s t e r  t echno logy  r e l a t e d  t o  performance and l i f e t i m e  was under taken .  
T h i s  paper p resen ts  a summary o f  performance and ' l i f e t i m e  genera ted  b y  
p r e s e n t  genera t i on  MPD t h r u s t e r s .  T e c h n o l o g i c a l  a c t i v i t i e s  o v e r  t h e  l a s t  
25 y e a r s  w i l l  be b r i e f l y  synops ized .  
t i o n s  w i l l  be descr ibed,  and t h e  e f f e c t s  o f  vacuum f a c i l i t y  p r e s s u r e  on  
per fo rmance measurements w i l l  be d i scussed .  Summary g r a p h i c s  d e s c r i b i n g  
o p e r a t i n g  modes, s p e c i f i c  impu lse ,  e f f i c i e n c y ,  t h r u s t e r  loss mechanisms, and 
demonst ra ted  l i f e  w i l l  be p r e s e n t e d .  P rospec ts  f o r  improvements i n  s p e c i f i c  
impu lse ,  e f f i c i e n c y ,  and l i f e  w i l l  a l s o  be d i scussed .  
Some o f  t h e  b a s i c  t h r u s t e r  c o n f i g u r a -  
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unheated p r o p e l l a n t  e n t h a l p y ,  k J / g  
s p e c i f i c  impu lse ,  s 
a r c  c u r r e n t ,  A 
o n s e t  parameter ,  k A 2 s l g  
Bo l tzman 's  c o n s t a n t ,  1 . 3 8 ~ 1 0 - ~ 3  J I K  
mass flow r a t e ,  g l s  
i n p u t  power, kW 
i n p u t  e l e c t r i c  power, kW 
power t o  water  i n  arc-head assembly, kW 
power l o s s  to  anode, kW 
t h r u s t ,  N 
e l e c t r o n  tempera ture ,  K 
average exhaust  v e l o c i t y ,  m / s  
anode v o l t a g e  d rop ,  V 
v e l o c i t y  i nc remen t  r e q u i r e d  f o r  a m i s s i o n ,  kmls 
t h r u s t  e f f i c i e n c y  
( P - P L ) / P ,  thermal  e f f i c i e n c y  
work f u n c t i o n  o f  anode m a t e r i a l ,  eV 
CHRONOLOGY OF MPD THRUSTER TECHNOLOGY 
Research and Technology e f f o r t s  u s i n g  s e l f - f i e l d  and a p p l i e d - f i e l d  MPD a r c  
t h r u s t e r s  have been conducted over the p a s t  t h r e e  decades. D u r i n g  t h e  1960 's  
and e a r l y  1970 's ,  NASA, AVCO, McDonnell Douglas,  G i a n n i n i  S c i e n t i f i c ,  E l e c t r o -  
O p t i c a l  Systems, and o t h e r s  developed s t e a d y - s t a t e  MPD t h r u s t e r s  i n  t h e  10 t o  
200 kW range.  A comprehensive rev iew  o f  t h i s  work was r e p o r t e d  by Nerheim and 
K e l l y  i n  196711968 ( r e f s .  4 t o  5). R a d i a t i o n  c o o l e d  t h r u s t e r s  w e r e  des igned 
t o  o p e r a t e  up t o  40 kW w h i l e  water -coo led  dev i ces  had power c a p a b i l i t i e s  i n  
excess of 100 kW ( r e f s .  6 t o  9 ) .  A p p l i e d - f i e l d  t h r u s t e r s  employed e lec t romag-  
n e t s ,  permanent magnets, and superconduct ing  magnets ( r e f .  10). S e l f - f i e l d  
MPD a r c j e t s  were e v a l u a t e d  a t  megawatt power l e v e l s  i n  t h e  q u a s i - s t e a d y - s t a t e  
mode ( r e f .  1 1 ) .  I n  t h i s  p u l s e d  mode, s teady  high-power o p e r a t i o n  has t y p i -  
c a l l y  been ach ieved w i t h i n  a p e r i o d  o f  a few hundred mic roseconds.  S i g n i f i -  
c a n t  e f f o r t s  were a l s o  under taken  t o  unders tand  t h e  e f f e c t s  o f  vacuum f a c i l i t y  
p r e s s u r e  on performance measurements ( r e f .  12) .  The l o n g e s t  l i f e  demonstra- 
t i o n  was 500 h r  by McDonnell  Douglas C o r p o r a t i o n  u s i n g  a 30 kW ammonia 
d e v i c e  wh ich  p r o v i d e d  9x105 N s  t o t a l  impu lse  ( r e f .  7 ) .  H ighe r  t o t a l  impu lse  
c a p a b i l i t y ,  e s p e c i a l l y  a t  h i g h e r  power l e v e l s ,  has been l i m i t e d  by cathode e ro -  
s i o n  ( r e f .  13) .  D u r i n g  t h e  e a r l y  1970 's ,  f u n d i n g  for h i g h  power s t e a d y - s t a t e  
MPD t h r u s t e r s  was d r a m a t i c a l l y  reduced m a i n l y  because of p r o j e c t i o n s  o f  a mod- 
e s t  space e l e c t r i c  power c a p a b i l i t y  i n  t h e  1970 's  and 1 9 8 0 ' s .  
Research e f f o r t s  c o n t i n u e d  i n  t h e  USA, Europe, and Japan u s i n g  p r i m a r i l y  
s e l f - f i e l d  p u l s e d  MPD t h r u s t e r s  which o p e r a t e d  i n  a s i n g l e - s h o t ,  n o n r e p e t i t i v e  
mode ( r e f s .  14 t o  16 ) .  Pu lsed or quas i -s teady  s t a t e  MPD t h r u s t e r s  have been 
o p e r a t e d  a t  mu l t imegawat t  l e v e l s  for  purposes o f  u n d e r s t a n d i n g  t h e  c h a r a c t e r -  
i s t i c s  o f  t h e  plasma, e r o s i o n  mechanisms, s t a b i l i t y  phenomena, t h r u s t e r  pe r -  
formance, s c a l i n g  r e l a t i o n s ,  and e l e c t r o m a g n e t i c  compati b i  1 i t y  w i t h  o t h e r  
systems. Space plasma exper iments  us ing  a MPD a r c j e t ,  p u l s e d  a t  a power 
of abou t  2 MW, were conducted aboard Space T r a n s p o r t a t i o n  S y s t e m  S h u t t l e  
O r b i t e r - 9  i n  1983 ( r e f .  1 7 ) .  
Much o f  t h e  r e c e n t  exper imen ta l  work i n  t h e  USA has been conducted a t  
P r i n c e t o n  U n i v e r s i t y  w i t h  t h e  f o c u s  on quas i - s teady  s t a t e  t h r u s t e r  mode l ing ,  
s c a l i n g ,  e r o s i o n  mechanisms, and lower power s t e a d y - s t a t e  t h r u s t e r  exper imen ts  
( r e f s .  18 t o  20). Technology programs r e l a t e d  t o  b o t h  p u l s e d  and s teady  s t a t e  
MPD t h r u s t e r s  a r e  b e i n g  c a r r i e d  o u t  a t  a v a r i e t y  o f  i n s t i t u t i o n s  i n  Japan 
i n c l u d i n g  t h e  I n s t i t u t e  o f  Space and A s t r o n a u t i c a l  Sc iences ,  Osaka U n i v e r s i t y ,  
and t h e  U n i v e r s i t y  o f  Tokyo ( r e f s .  16, 21 ,  and 2 2 ) .  A s e l f - f i e l d  t h r u s t e r  has 
been c y c l i c a l l y  l i f e - t e s t e d  i n  Japan for  o n e - m i l l i o n  p u l s e s  a t  a 1.2 MW i n s t a n -  
taneous power l e v e l  y i e l d i n g  a t o t a l  impu lse  o f  abou t  Z x 1 0 4  N s  ( r e f .  23) .  
L i f e  l i m i t i n g  phenomena were observed t o  be e l e c t r o d e  wear and l o c a l i z e d  i n s u -  
l a t o r  e r o s i o n .  
S e l f - f i e l d ,  s teady  s t a t e  t h r u s t e r s  have been i n v e s t i g a t e d  by r e s e a r c h e r s  
a t  S t u t t g a r t  U n i v e r s i t y  ( r e f s .  24 and 2 5 ) .  T h r u s t e r s  were o p e r a t e d  w i t h  a rgon  
and n i t r o g e n  i n  t h e  100 t o  300 kW range, p r o d u c i n g  s p e c i f i c  impu lse  va lues  up 
t o  1200 s a t  t h r u s t  e f f i c i e n c i e s  between 15 and 20 p e r c e n t .  D u r i n g  t h e  cou rse  
of e l e c t r o d e  e r o s i o n  s t u d i e s ,  a 200 kW t h r u s t e r  was t e s t e d  for about  1 hr ,  p r o -  
d u c i n g  an e s t i m a t e d  t o t a l  impu lse  of  3x104 N s .  
There i s  s i g n i f i c a n t  i n t e r e s t  i n  i n t e n s i f y i n g  t h e  development of h i g h  
power MPD t h r u s t e r  t e c h n o l o g y  because o f  the  emergence of t h e  P a t h f i n d e r  
3 
program wh ich  w i l l  p r o v i d e  t h e  c r i t i c a l  t e c h n o l o g y  f o r  manned e x c u r s i o n s  t o  
t h e  Moon and Mars ( r e f .  26) .  NASA i n i t i a t e d  t e c h n o l o g y  programs t o  g a i n  
i n s i g h t  i n t o  the  performance l i m i t s  and l i f e t i m e  o f  s t e a d y - s t a t e  and MPD t h r u s -  
t e r s  o p e r a t i n g  i n  t h e  0.1 to  1 MW range.  These programs w i l l  u l t i m a t e l y  have 
t o  deve lop  h i g h  th roughpu t  vacuum f a c i l i t i e s  and per fo rmance d i a g n o s t i c s  capa- 
b l e  o f  accommodating MW-class t h r u s t e r s  so mean ing fu l  per fo rmance and l i f e  
d a t a  can be o b t a i n e d  f o r  s t e a d y - s t a t e  o p e r a t i o n s .  
ESTIMATES OF CARGO VEHICLE PROPULSION REQUIREMENTS 
Mul t imegawat t  c a r g o  v e h i c l e  m i s s i o n s  u s i n g  l o w - t h r u s t  e l e c t r i c  p r o p u l s i o n  
w i l l  r e q u i r e  a m iss ion  v e l o c i t y  i nc remen t ,  AV, i n  excess o f  1 6  km/s f o r  LEO 
t r a n s f e r s  t o  Mars ( r e f .  27) .  Us ing  t h e  d a t a  of f i g u r e  2 f o r  t h e  demanding 
Mars one-way t r a n s f e r  from LEO, i t  i s  e s t i m a t e d  t h a t  t h r u s t e r s  would have p ro -  
p e l l a n t  th roughputs  o f  10 000 t o  30 000 k g  and a t o t a l  impu lse  r e q u i r e m e n t  f o r  
each o f  f o u r  t h r u s t e r s  as h i g h  as lx109 N s .  
assumed. P r o j e c t e d  t h r u s t e r  l i f e  r e q u i r e m e n t s  w i l l  be about  7500 h r  f o r  a 
10 MW system w i t h  f o u r  t h r u s t e r s  o p e r a t i n g  a t  an e f f i c i e n c y  of 50 p e r c e n t .  
Trades i n v o l v i n g  h i g h e r  p r o p u l s i o n  power and improved e f f i c i e n c y  w i l l  r e s u l t  
i n  lower  r e q u i r e d  t h r u s t e r  l i f e t i m e s .  
A s p e c i f i c  impu lse  of 5000 s was 
M i s s i o n  v e l o c i t y  i nc remen ts  f o r  c a r g o  v e h i c l e  t r a n s f e r  from LEO t o  t h e  
Moon or low l u n a r  o r b i t  to Mars a r e  about  7 km/s ( r e f s .  28 t o  30>, and thus ,  
t h e  r e q u i r e d  t h r u s t e r  t o t a l  impu lse  and o p e r a t i o n a l  t i m e  w i l l  be s i g n i f i c a n t l y  
l e s s  than  r e q u i r e d  f o r  LEO t o  Mars m i s s i o n s .  Es t ima tes  from t h e  d a t a  o f  
r e f e r e n c e  2 r e s u l t  i n  mass t h r o u g h p u t ,  t o t a l  impu lse ,  and o p e r a t i n  t i m e  p e r  
4000 h r ,  r e s p e c t i v e l y .  I t  was assumed a t o t a l  o f  4 MW would be a v a i l a b l e  f o r  
f o u r  t h r u s t e r s  o p e r a t i n g  a t  a s p e c i f i c  impu lse  o f  5000 s .  Us ing  separa te  
t h r u s t e r s ,  outbound and r e t u r n  l e g s  would r e s u l t  i n  o n l y  2000 h r  o p e r a t i o n  p e r  
t h r u s t e r .  I t  i s  l i k e l y  t h a t  t h e  number o f  t h r u s t e r s  w i l l  need t o  be m in im ized  
i n  o r d e r  t o  p rov ide  s y s t e m  s i m p l i c i t y  and r e l i a b i l i t y .  
t h r u s t e r  f o r  a LEO-lunar round  t r i p  o f  a p p r o x i m a t e l y  7000 kg, 4x10 i N s ,  and 
C o n t i n u i n g  m iss ion  s c e n a r i o  development and c a r g o  v e h i c l e  t r a d e  s t u d i e s  
w i l l  c l a r i f y  performance, l i f e t i m e ,  and power r e q u i r e m e n t s  f o r  e l e c t r i c  p r o p u l -  
s i o n .  Based on c u r r e n t  i n f o r m a t i o n ,  i t  i s  expec ted  t h a t  t h r u s t e r  power l e v e l s  
w i l l  be i n  t h e  0.5 t o  3 MW range f o r  systems powers o f  2 t o  10 MW. T o t a l  
impu lse  pe r  t h r u s t e r  w i l l  p r o b a b l y  be about  1x108 t o  1x109 Ns f o r  s p e c i f i c  
impu lse  va lues  of 2000 t o  5000 s .  Based on f irst o r d e r  c a l c u l a t i o n s  of l u n a r  
and Mars ca rgo  v e h i c l e  p r o p u l s i o n  requ i remen ts ,  t h e  MPD t h r u s t e r  t echno logy  
goa l  f o r  l i f e  should be t a r g e t e d  i n  t h e  2000 t o  8000 h r  range p e r  t h r u s t e r .  
THRUSTER CONFIGURATIONS 
E a r l y  MPD t h r u s t e r s ,  such as those  shown i n  f i g u r e  3 ,  g e n e r a l l y  resembled 
thermal  a r c  dev ices  w i t h  t h e  t h r o a t  d iamete r  made l a r g e r  t o  p e r m i t  o p e r a t i o n  
i n  t h e  10 t o  50 to r r  range ( r e f s .  6 and 31 ) .  H igh  power t h r u s t e r s  o p e r a t i n g  
i n  t h e  50 t o  200 kW range i n c o r p o r a t e d  wa te r -coo led  anode and ca thode assem- 
b l i e s .  U s u a l l y ,  t h o r i a t e d  t u n g s t e n  cathodes were employed. Some lower  power 
t h r u s t e r s ,  i n  the 10 t o  40 kW range,  were r a d i a t i o n - c o o l e d  and used t u n g s t e n  
e l e c t r o d e s .  F igu re  4 shows a schematic o f  t h e  e l e c t r o d e s  o f  a 33 kW r a d i a t i o n -  
c o o l e d  MPD t h r u s t e r  t h a t  was t e s t e d  for 500 h r  ( r e f .  7 ) .  Low power t h r u s t e r s  
u s u a l l y  used s o l e n o i d  magnets t o  produce a "magnet ic  n o z z l e "  or d i v e r g i n g  
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f i e l d  c o n f i g u r a t i o n ,  wh ich  g e n e r a l l y  enhanced per fo rmance s i n c e  w i t h o u t  t h e  
a p p l i e d  f i e l d s ,  t h e  s e l f - f i e l d s  genera ted  were r a t h e r  low. Most dev i ces  i n c o r -  
p o r a t e d  low a rea  r a t i o  n o z z l e s  t o  reduce v i s c o u s  l o s s e s  w h i l e  some e a r l y  
r e s e a r c h e r s  used s imp le  c o a x i a l  e l e c t r o d e  c o n f i g u r a t i o n s  as shown i n  f i g u r e  5 
( r e f .  3 2 ) .  Most of t h e  t h r u s t e r  c h a r a c t e r i z a t i o n  was done w i t h  hydrogen, ammo- 
n i a ,  argon, and l i t h i u m  ( r e f .  4 ) .  
Recent h i g h  power, s t e a d y - s t a t e  MPD t h r u s t e r  t e c h n o l o g y  work has been 
conducted by t h e  U n i v e r s i t y  of S t u t t g a r t  u s i n g  a s e l f - f i e l d  t h r u s t e r  w i t h  a 
low a rea  r a t i o  n o z z l e  shown i n  f i g u r e  6 ( r e f .  25) .  The wa te r -coo led  cathode 
and anode assembl ies  a r e  separa ted  by e l e c t r i c a l l y  i s o l a t e d  wa te r -coo led  seg- 
ments. T h r u s t e r  c h a r a c t e r i s t i c s  were e v a l u a t e d  a t  c u r r e n t s  up t o  4500 A and 
270 kW u s i n g  argon and n i t r o g e n .  P r o p e l l a n t  f l ow  r a t e s  were 0.2 t o  1 .5  g / s .  
Over t h e  l a s t  20 years ,  MPD t h r u s t e r  o p e r a t i o n  a t  power l e v e l s  i n  
excess of 1 MW has been performed u s i n g  c a p a c i t o r  banks p u l s e d  f o r  p e r i o d s  o f  
about  1 ms ( r e f s .  1 ,  14, 15 ,  and 3 3 ) .  These t h r u s t e r s  have been shown t o  
reach  quas i - s teady  c o n d i t i o n s  a f t e r  about  10 t o  50 ps, a f t e r  wh ich  t h e  d i s -  
charge c h a r a c t e r i s t i c s  a r e  u s u a l l y  s t a b l e  for t h e  remainder  o f  t h e  1 ms p u l s e  
( r e f .  18 ) .  Shown i n  f i g u r e  7 i s  a cutaway d iagram o f  a f l a r e d  anode t h r u s t e r  
used a t  P r i n c e t o n  U n i v e r s i t y  ( r e f s .  18 and 1 9 ) .  
o p e r a t e d  a t  peak power l e v e l s  i n  excess o f  2 MW i n  a s i n g l e - s h o t ,  n o n r e p e t i -  
t i v e  mode. T h i s  c o n f i g u r a t i o n  had cathode and anode d i a m e t e r s  o f  1 and 5 cm, 
r e s p e c t i v e l y .  Argon flow r a t e s  used were i n  t h e  1 t o  3 g / s  range a t  a r c  c u r -  
r e n t s  up t o  22 kA and v o l t a g e s  i n  the 50 t o  100 V range .  
The t h r u s t e r s  have u s u a l l y  
F i g u r e  8 shows t h e  Osaka U n i v e r s i t y  quas i - s teady  s t a t e  t h r u s t e r  w i t h  mag- 
n e t i c  f i e l d  c o i l s  wh ich  a r e  connected i n  s e r i e s  w i t h  t h e  a r c  c u r r e n t  ( r e f .  16 ) .  
The minimum anode d iamete r  i s  about 2 .5  cm. 
used were 2 .7  t o  4 .5  g / s ,  r e s p e c t i v e l y  a t  a r c  power l e v e l s  o f  0 . 5  t o  
4 MW. 
Hydrogen and ammonia f low r a t e s  
I n  many h i g h  power t h r u s t e r s ,  p r o p e l l a n t  i n j e c t i o n  i n  t h e  v i c i n i t y  o f  t h e  
anode has been found t o  be e f f e c t i v e  i n  a l l o w i n g  o p e r a t i o n  a t  h i g h e r  va lues  
of J2/m, wh ich  i s  a q u a n t i t y  found t o  be p r o p o r t i o n a l  t o  s p e c i f i c  impu lse  
( r e f s .  14 t o  1 5 ) .  
"onse t  phenomena" wh ich  r e s u l t s  i n  an a r c  v o l t a g e  i n c r e a s e ,  a r c  f l u c t u a t i o n s  
and, u l t i m a t e l y ,  anode d e t e r i o r a t i o n  ( r e f .  34 ) .  
Large v a l u e s  of t h e  J2 /m parameter  a r e  l i m i t e d  by t h e  
G e n e r a l l y ,  MPD t h r u s t e r s  o p e r a t i n g  i n  t h e  0.1 t o  4 MW range have t h r o a t  or 
minimum anode d iamete rs  i n  t h e  1 t o  10 cm range w i t h  ca thode d iamete rs  o f  
a p p r o x i m a t e l y  1 t o  2 cm. Flow r a t e s  range from 0.02 t o  5 g / s .  The pe r fo rm-  
ance o f  low-power MPD t h r u s t e r s  can be enhanced by u s i n g  a p p l i e d  magnet ic  
f i e l d s  ( r e f .  10). More d e t a i l e d  i n f o r m a t i o n  i s  needed t o  de te rm ine  i f  s o l e n o i -  
d a l  magnets a r e  r e q u i r e d  for  MW-class t h r u s t e r s  t o  enhance per fo rmance and /o r  
1 i f e .  
PERFORMANCE MEASUREMENTS 
E v a l u a t i o n  o f  per fo rmance i s  c r i t i c a l l y  dependent o n  a c c u r a t e  measurements 
of t h r u s t  for s t e a d y - s t a t e  d e v i c e s  and impu lse  for  quas i - s teady  s t a t e  t h r u s -  
t e r s .  The q u a l i t y  o f  these  measurements can be compromised p r i m a r i l y  by 
t h r u s t  s tand  thermal  d r i f t ,  v i b r a t i o n ,  a c c e l e r a t i o n  o f  eroded e l e c t r o d e  or 
i n s u l a t o r  m a t e r i a l s ,  and ambien t  gas e n t r a i n m e n t  i n t o  t h e  d i s c h a r g e  ( r e f s .  12, 
14, 19, 24, 25 ,  and 35 ) .  C l e a r l y ,  t he  use o f  MN-class MPD t h r u s t e r s  w i l l  
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p l a c e  s i g n i f i c a n t  demands on t h e  d e s i g n  of vacuum f a c i l i t y  pumping, thermal  
c o n t r o l  systems, and per fo rmance d i a g n o s t i c s .  
F i g u r e  9 shows i n c o n s i s t e n c i e s  i n  t h e  a rgon  exhaus t  v e l o c i t y  d i a g n o s t i c s  
o f  a quas i -s teady  s t a t e ,  s e l f - f i e l d  t h r u s t e r  where impu lse  ba lance  and Dopp le r  
s h i f t  methods w e r e  used ( r e f .  14) .  The s p e c i f i c  impu lse  v a l u e s  de termined by  
an impu lse  measurement i n c r e a s e  s h a r p l y  w i t h  J2/m t o  n e a r l y  6000 s w h i l e  sub- 
s t a n t i a l l y  lower va lues  a r e  i n d i c a t e d  from Dopp le r  s h i f t  d i a g n o s t i c s .  
c i f i c  impu lse  c a l c u l a t e d  from t h e  impu lse  measurement i s  e x t r e m e l y  h i g h  f o r  
t h e  heavy argon p r o p e l l a n t .  Whi le  t h e r e  i s  u s u a l l y  a s i g n i f i c a n t  u n c e r t a i n t y  
i n  s p e c i f i c  impulse i n f e r r e d  from Dopp le r  s h i f t  measurements, i t  would be 
expected t h a t  t h e  v e l o c i t i e s  o f  i o n i c  spec ies  would be h i g h e r  t h a n  those 
o b t a i n e d  by impulse measurement ( r e f .  31 ) .  These d a t a  p o i n t  to t h e  f a c t  
t h a t  secondary and v a l i d a t i n g  measurements of t h r u s t e r  per fo rmance a r e  v e r y  
i m p o r t a n t .  
The spe- 
Researchers a t  S t u t t g a r t  U n i v e r s i t y  have i n v e s t i g a t e d  t h e  e f f e c t s  o f  ambi- 
e n t  p ressu re  on the  t h r u s t  and t h e  a r c  o p e r a t i n g  v o l t a g e  o f  an argon s e l f -  
f i e l d  t h r u s t e r  o p e r a t i n g  c o n t i n u o u s l y  a t  about  70 kW ( r e f .  24) .  The ambien t  
p ressu re  was shown t o  have had no e f f e c t  on  per fo rmance i n  t h e  0.8 t o  2x10-3 
t o r r  range.  
about  1 V ,  and the t h r u s t  decreased by  a few p e r c e n t ,  as shown i n  f i g u r e  10. 
No d a t a  were r e p o r t e d  a t  p r e s s u r e s  l ower  t h a n  8 ~ 1 0 - ~  t o r r ;  however, t h e r e  i s  
no i n d i c a t i o n  i n  any o f  t h e  l i t e r a t u r e  t h a t  s e l f - f i e l d  MPD t h r u s t e r  per fo rm-  
ance i s  a f f e c t e d  by ambient gases a t  p r e s s u r e s  l o w e r  t h a n  1x10-3 torr  ( r e f .  
24 ) .  
A t  ambient p ressu res  of 1 ~ 1 0 - ~  torr ,  t h e  a r c  v o l t a g e  i n c r e a s e d  b y  
The e f f e c t  o f  vacuum f a c i l i t y  background p r e s s u r e  on low-power (20 to  
30 kW) MPD t h r u s t e r s  was s t u d i e d  by NASA Lewis from 1965 t o  1970 ( r e f s .  31 and 
36) .  These MPD t h r u s t e r s  employed s o l e n o i d a l  magnets, permanent magnets, or  a 
superconduc t ing  magnet ( r e f .  10). The ma jo r  vacuum f a c i l i t y  e f f e c t  was found  
t o  be t h e  en t ra inmen t  of background gases i n t o  t h e  a r c  d i s c h a r g e  a t  p ressu res  
as low as 1x10-3 t o r r .  
i s  p l o t t e d  versus t h e  vacuum f a c i l i t y  background p r e s s u r e  i n  o r d e r  t o  examine 
t h e  v a l i d i t y  o f  t h r u s t e r  per fo rmance measurements. Thrus t - to -power  was chosen 
as t h e  parameter o f  i n t e r e s t  because t h e r e  a r e  u s u a l l y  changes i n  a r c  v o l t a g e  
as t h e  background p r e s s u r e  i s  i n c r e a s e d .  Thrus t - to -power  i s  n o r m a l i z e d  t o  a 
b a s e l i n e  v a l u e  o f  T I P  a t  5x10-5 t o r r  where t h e  background p r e s s u r e  has n o t  
been found t o  i n f l u e n c e  t h e  t h r u s t  or a r c  v o l t a g e .  The spread i n  t h e  T/P d a t a  
i s  due to  v a r i a t i o n s  i n  p r o p e l l a n t  f low r a t e  and t h e  t y p e  o f  background f a c i l -  
i t y  gas employed i n  t h e  t e s t s .  F i g u r e  1 1  shows t h a t  d e c e p t i v e l y  h i g h  pe r fo rm-  
ance u s i n g  hydrogen t h r u s t e r s  can be measured i n  t h e  1 ~ 1 0 - ~  t o  1x10-1 tor r  
range w i t h  n i t r o g e n  as t h e  ma jo r  ambien t  gas. I n  f a c t ,  a t  t h e  h i g h  ambien t  
p ressu res ,  t h e  t h r u s t  c o u l d  be i n  e r r o r  by  as much as a f a c t o r  o f  two. The 
ammonia t h r u s t  data show a t h r u s t  d e g r a d a t i o n  (compared to  b a s e l i n e  d a t a  a t  
5x10-5 tor r )  of 10 t o  45 p e r c e n t  a t  1 ~ 1 0 - ~  t o r r  depend ing  on  ammonia flow r a t e  
and t y p e  o f  ambient gas. A t  0.1 t o r r ,  t h e  measured t h r u s t  can be i n c r e a s e d  
from t h e  b a s e l i n e  v a l u e  by as much as 60 p e r c e n t ,  p a r t i c u l a r l y  a t  low ammonia 
f low r a t e s  ( ~ 2 0  mg/s> w i t h  n i t r o g e n  and a rgon  amb ien t  gases. 
f low r a t e s ,  i n  t h e  60 mg/s range,  g e n e r a l l y  roduced  th rus t - to -power  r a t i o s  
were found .  
f e r r i n g  w i t h  t h e  b a s i c  a c c e l e r a t i o n  mechanisms, and t h e  background gas c o u l d  
be e n t r a i n e d  i n  the d i s c h a r g e  and a c c e l e r a t e d  t o  enhance t h r u s t .  T h r u s t  
I n  f i g u r e  1 1 ,  n o r m a l i z e d  t h r u s t - t o - p o w e r  r a t i o  ( T / P )  
H i g h e r  ammonia 
lower  than  b a s e l i n e  va lues  o b t a i n e d  a t  5x10- E t o r r .  Two compet ing  e f f e c t s  
The background p r e s s u r e  c o u l d  degrade t h r u s t  measurement b y  i n t e r -  
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measurement v a l i d i t y  was found t o  be dependent on  p r o p e l l a n t  flow r a t e ,  vacuum 
f a c i l - i t y  p ressu re ,  and ambient gas s p e c i e s .  These r e s u l t s  p e r t a i n  p r i m a r i l y  
t o  a p p l i e d - f i e l d  MPD t h r u s t e r s  where Dopp le r  s h i f t  v e l o c i t y  measurements i n d i -  
c a t e  a c c e l e r a t i o n  of i o n i c  spec ies  takes  p l a c e  as f a r  as 10 cm from t h e  anode 
e x i t  p l a n e  ( r e f .  31) .  I n v e s t i g a t o r s  u s i n g  l i t h i u m  a p p l i e d - f i e l d  t h r u s t e r s  
have found c u r r e n t  s t r e a m l i n e s  follow magne t i c  f l u x  l i n e s ,  and up t o  28 pe r -  
c e n t  of t h e  a r c  c u r r e n t  was c o l l e c t e d  t h r o u g h  a 7.6 cm d i a m e t e r  Rogowski c o i l  
l o c a t e d  90 cm from t h e  anode e x i t  p lane  ( r e f .  37) .  I t  i s  n o t  s u r p r i s i n g  t h a t  
t h e  c h a r a c t e r i s t i c s  o f  such plasmas can be v e r y  s e n s i t i v e  t o  amb ien t  gas 
p r e s s u r e .  
F i g u r e  12 shows t h e  vacuum f a c i l i t y  p r e s s u r e  s e n s i t i v i t y  t o  a rgon  f l ow  
r a t e  i n  t h e  l a r g e  NASA Lewis f a c i l i t i e s  ( r e f s .  38 and 39) .  I n  o r d e r  t o  
m a i n t a i n  t h e  low vacuum f a c i l i t y  p ressu res  needed t o  m i n i m i z e  amb ien t  gas 
i n g e s t i o n  i n  t h e  MPD t h r u s t e r s ,  a d i f f u s i o n  pumped, s u b l i m a t i o n  pumped, or 
cryo-pumped env i ronment  i s  necessary.  The maximum a l l o w a b l e  p r e s s u r e  f o r  t h e  
o i l  d i f f u s i o n  pump o p e r a t i o n  i s  a p p r o x i m a t e l y  5 ~ 1 0 - ~  t o r r  s i n c e  t h e  vapor  j e t s  
c o l l a p s e  a t  h i g h e r  p ressu res .  For example, t h e  NASA Lewis f a c i l i t y ,  u s i n g  15 
d i f f u s i o n  pumps, w i l l  pump up t o  0.1 t o  0 . 2  g / s  o f  argon.  A t  t h e s e  f low 
r a t e s ,  maximum argon t h r u s t e r  i n p u t  power l e v e l s  would be i n  t h e  0.1 t o  0 .2  MW 
range .  As i n d i c a t e d  i n  f i g u r e  12, l a r g e  h e l i u m  pane l  cryo-pumps w i t h  a fron- 
t a l  a r e a  of about  37 m2 a r e  p r o j e c t e d  t o  p r o v i d e  ambien t  p r e s s u r e s  l e s s  t h a n  
1x10-4 torr  a t  a rgon flow r a t e s  i n  excess o f  1 g / s  ( r e f .  39 ) .  I f  a p p r o p r i a t e  
t h r u s t e r  exhaus t  h e a t  exchangers are p r o v i d e d  t h e  cryopump s h o u l d  be adequate 
t o  e v a l u a t e  a rgon MPD t h r u s t e r s  o p e r a t i n g  a t  MW. P r o p e l l a n t s  such as hydro-  
gen or hydrogen c o n t a i n i n g  molecules a r e  poor  y cryopumped by gaseous h e l i u m  
systems a t  about  26 K. Somewhat dependent on p r o p e l l a n t  t y p e ,  l i q u i d  h e l i u m  
a n d / o r  s u b l i m a t i o n  pumped s y s t e m s  may be r e q u  r e d  t o  a d e q u a t e l y  e v a l u a t e  such 
MW-class t h r u s t e r s .  
OPERATING MODES 
The e l e c t r o m a g n e t i c  a c c e l e r a t i o n  p rocess  i s  a s t r o n g  f u n c t i o n  o f  a r c  c u r -  
r e n t ,  and c u r r e n t s  i n  t h e  5 t o  40 kA range  w i l l  p r o b a b l y  be r e q u i r e d  for 
MW-class o p e r a t i o n .  
r e n t  and s p e c i f i c  impu lse  i s  l i m i t e d  b y  t h e  " o n s e t  phenomena" where t h e  v o l t -  
age r a p i d l y  i nc reases  w i t h  c u r r e n t ,  s t r o n g  a r c  f l u c t u a t i o n s  a r e  observed,  and 
u l t i m a t e l y  anode d e t e r i o r a t i o n  commences ( r e f s .  24, 34, 40, and 41 ) .  T h i s  
o n s e t  o f  plasma i n s t a b i l i t i e s  i s  g e n e r a l l y  d e s c r i b e d  by  a c r i t i c a l  v a l u e  o f  
t h e  parameter  (J2/m)c. 
r e q u i r e d  f o r  s e l f - f i e l d  t h r u s t e r s  to produce t h e  s p e c i f i c  impu lse  l e v e l s  o f  
i n t e r e s t  f o r  e n e r g e t i c  m i s s i o n s .  The o n s e t  c o n d i t i o n  has been d e f i n e d  as t h a t  
v a l u e  o f  J2/m when h i g h  f requency  v o l t a g e  f l u c t u a t i o n s  (peak to peak) exceed 
10 p e r c e n t  o f  t h e  a r c  v o l t a g e  ( r e f .  2 4 ) .  One of t h e  e x p l a n a t i o n s  f o r  t h e  
o n s e t  c o n d i t i o n  i s  t h a t  a t  t h e  h i g h  c u r r e n t s ,  t h e  plasma i s  p i n c h e d  d e c r e a s i n g  
t h e  p r e s s u r e  near  t h e  anode. 
s i t y  wh ich  l eads  t o  t h e  development of a s t r o n g  e l e c t r i c  f i e l d  i n  o r d e r  t o  sup- 
p o r t  t h e  a r c  c u r r e n t  ( r e f .  40).  Early exper imen ts  by AVCO C o r p o r a t i o n ,  u s i n g  a 
v a r i e t y  o f  p r o p e l l a n t s ,  found the c r i t i c a l  v a l u e  o f  J2/m t o  be a p p r o x i m a t e l y  
p r o p o r t i o n a l  t o  t h e  i n v e r s e  square root of t h e  p r o p e l l a n t  m o l e c u l a r  w e i g h t  
( r e f .  14 ) .  More s o p h i s t i c a t e d  f o r m u l a t i o n s  of t h i s  s t a b i l i t y  c r i t e r i a  a r e  sum- 
m a r i z e d  i n  r e f e r e n c e  34. 
For a g i v e n  t h r u s t e r  geometry and mass flow r a t e ,  t h e  c u r -  
H igh  c u r r e n t s  and thus  h i g h  v a l u e s  o f  J2/m a r e  
This c o n d i t i o n  causes a decrease i n  plasma den- 
F i g u r e  13 shows t h e  o n s e t  parameter o b t a i n e d  f o r  many d i f f e r e n t  t h r u s t e r  
geomet r i es ,  p r o p e l l a n t s  and f l ow  r a t e s ;  (J2/m), v a r i e s  from 10 t o  350 kA2s/g .  
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Data  from re fe rences  41 t o  49 as w e l l  as p r e v i o u s  c i t a t i o n s  a r e  shown i n  f i g -  
u r e  13. Most o f  t h e  o n s e t  d a t a  i n  t h e  10 t o  50 kA2s/g  range were o b t a i n e d  
w i t h  s teady -s ta te  d e v i c e s  whose geomet r ies  were c l o s e l y  l i n k e d  t o  e l e c t r o -  
t he rma l  a r c j e t s  w i t h  d i s c h a r g e  chamber (or  anode) t h r o a t - t o - c a t h o d e  d iamete r  
r a t i o s  l e s s  than two (see f i g s .  4 t o  6 ) .  The quas i - s teady  s t a t e  t h r u s t e r s ,  
wh ich  p r o v i d e d  onset d a t a  from 50 t o  350 kA2 s l g ,  had l a r g e  t h r o a t - t o - c a t h o d e  
d iamete r  r a t i o s  o f  3.4 t o  5.3. I n  t h i s  r e g a r d ,  a s teady  s t a t e ,  low-power 
MPD a r c j e t  had a (J2/m), v a l u e  o f  110 kA2 s / g  u s i n g  argon ( r e f .  20). 
t h r u s t e r  had a t h r o a t - t o - c a t h o d e  d iamete r  r a t i o  o f  f i v e .  Onset d a t a  from t h e  
15 kW s teady -s ta te  t h r u s t e r  a r e  v e r y  s i m i l a r  t o  t h a t  o f  MW-class quas i - s teady  
s t a t e  t h r u s t e r s  u s i n g  a rgon  p r o p e l s l a n t .  The a r c  c u r r e n t  c a p a b i l i t y  can be f u r -  
t h e r  extended by u s i n g  p r o p e l l a n t s  l i g h t e r  t han  argon ( r e f s .  14 and 45) and by 
i n j e c t i n g  p r o p e l l a n t  near  t h e  anode w a l l .  By u s i n g  a t h r o a t - t o - c a t h o d e  diame- 
t e r  r a t i o  o f  3.4 and anode p r o p e l l a n t  i n j e c t i o n ,  an argon o n s e t  c o n d i t i o n  i n  
excess o f  300 kA2/ s / g  has been o b t a i n e d  ( r e f .  1 5 ) .  
T h i s  
The e l e c t r o m a g n e t i c  t h r u s t  component o f  a s e l f - f i e l d  MPD t h r u s t e r  i s  a 
f u n c t i o n  o f  52 ( r e f .  18 ) .  The s p e c i f i c  impu lse  for p u r e l y  e l e c t r o m a g n e t i c  
a c c e l e r a t i o n  should t h e n  be d i r e c t l y  r e l a t e d  t o  J2/m for  s e l f  f i e l d  t h r u s t e r s  
( r e f s .  49 t o  54).  
f o r  v a r i o u s  p r o p e l l a n t s  over a power range from 10 kW t o  5 . 6  MW. 
p r o p e l l a n t s  (H2, L i )  have t h e  h i g h e s t  s p e c i f i c  impu lse  for a g i v e n  J2/m. 
shown i n  f i g u r e  14, some o f  t h e  h i g h e s t  va lues  o f  J2/m (208 kA2s/g> and 
s p e c i f i c  impu lse  (3000 s )  f o r  an argon s e l f - f i e l d  t h r u s t e r  were o b t a i n e d  from 
a t h r u s t e r  w i t h  a 10 c m  anode d iamete r ,  w i t h  anode p r o p e l l a n t  i n j e c t i o n ,  and a 
f l a r e d  anode c o n f i g u r a t i o n  ( r e f .  15) .  
o f  a p p l i e d - m a g n e t i c - f i e l d  t h r u s t e r s  s i n c e  a c c e l e r a t i o n  mechanisms o f  such 
t h r u s t e r s  a r e  more complex than  those produced i n  s e l f - f i e l d  d e v i c e s .  Rela- 
t i v e l y  h i g h  s p e c i f i c  impu lse  measurements have been o b t a i n e d  from low-power 
t h r u s t e r s  u s i n g  a p p l i e d  f i e l d s  i n  t h e  0.1 t o  0 .2  T range .  A s p e c i f i c  impu lse  
o f  2800 s was ob ta ined  w i t h  a rgon a t  v e r y  low va lues  of J2/m o f  10 t o  20 kA2s/g  
( r e f s .  10 and 1 2 ) .  The low-power, a p p l i e d  f i e l d  t h r u s t e r s  have produced about  
t h e  same s p e c i f i c  impu lse  as MW-class t h r u s t e r s  wh ich  o p e r a t e  a t  v a l u e s  o f  
J2/m which a r e  an o r d e r  o f  magnitude h i g h e r .  
some MPD t h r u s t e r  c o n f i g u r a t i o n s ,  a p p l i e d  magnet ic  f i e l d s  s i g n i f i c a n t l y  enhance 
per fo rmance a t  t h e  MW-power l e v e l .  A t  J2/m o f  70 t o  8 2 ,  t h e  s p e c i f i c  impu lse  
o f  a quas i -s teady  s t a t e  hydrogen t h r u s t e r  was i n c r e a s e d  by 59 p e r c e n t  t o  3500 s 
by chang ing  from p u r e l y  s e l f - f i e l d  t o  a p p l i e d  f i e l d  o p e r a t i o n  ( r e f .  16).  I n  
t h i s  case, t h e  peak p u l s e d  power was 3 t o  4 MW. I t  i s  c l e a r  t h a t  t h e  a p p l i e d  
magnet ic  f i e l d  can be a s t r o n g  o p t i m i z a t i o n  tool f o r  MPD t h r u s t e r s  p a r t i c u -  
l a r l y  a t  modest va lues  of J2/m. The d e t a i l e d  ro les of a p p l i e d  magne t i c  f i e l d s  
i n  t h e  o p t i m i z a t i o n  of MW-class t h r u s t e r  per fo rmance and l i f e t i m e  l i m i t s  need 
t o  be c a r e f u l l y  examined. 
F i g u r e  14 shows s p e c i f i c  impu lse  d a t a  as a f u n c t i o n  o f  J2/m 
The l i g h t  
As  
The J2/m parameter i s  n o t  a good i n d i c a t o r  of s p e c i f i c  impu lse  c a p a b i l i t y  
I t  has a l s o  been shown t h a t  i n  
THRUSTER PERFORMANCE 
Inc reases  i n  t h r u s t e r  s p e c i f i c  impu lse  and e f f i c i e n c y  can p r o v i d e  ma jo r  
b e n e f i t s  i n  reduced ca rgo  v e h i c l e  mass i n  LEO and i n  improved p a y l o a d  capa- 
b i l i t y .  
t e r s  a r e  reviewed. 
f o r  each p r o p e l l a n t  a r e  d i s p l a y e d  fo r  a g i v e n  r e f e r e n c e .  
I m p o r t a n t  MPD t h r u s t e r  e x p e r i m e n t a l l y  de te rm ined  per fo rmance parame- 
U s u a l l y  t h e  h i g h e s t  va lues  o f  s p e c i f i c  i m p u l s e / e f f i c i e n c y  
Data  were t a k e n  from 
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d i r e c t  t h r u s t  measurements of s teady -s ta te  and p u l s e d  MPD t h r u s t e r s .  
l a t e d  performance p r e d i c t i o n s  a r e  i n c l u d e d  i n  t h e  r e p o r t  p r i m a r i l y  because o f  
t h e  c o m p l e x i t i e s  i n v o l v e d  i n  deve lop ing  models t o  r e l i a b l y  de te rm ine  e l e c t r o -  
magnet ic  and gas dynamic t h r u s t  c o n t r i b u t i o n s .  For example, t h r u s t  measure- 
ments from quas i - s teady  s t a t e  dev ices  have been r e p o r t e d  t o  be abou t  
20 p e r c e n t  lower than  v a l u e s  p r e d i c t e d  based on c u r r e n t  d i s t r i b u t i o n s  i n  t h e  
r e g i o n  o f  t h e  e l e c t r o d e s  ( r e f .  1 5 ) .  Comparisons were made a t  r e l a t i v e l y  h i g h  
a r c  c u r r e n t s  where t h e  e l e c t r o m a g n e t i c  t h r u s t  component was t h o u g h t  t o  h e a v i l y  
dominate t h e  gas dynamic t h r u s t  c o n t r i b u t i o n .  
No c a l c u -  
T h r u s t  d a t a  a r e  n o t  c i t e d  if the average mass flow of e l e c t r o d e  and i n s u l a -  
tor e r o s i o n  p r o d u c t s  was r e p o r t e d  to be more than  10 p e r c e n t  o f  t h e  p r o p e l l a n t  
f low r a t e .  S ince  t h e  vacuum f a c i l i t y  p r e s s u r e  p l a y s  an i m p o r t a n t  r o l e  i n  t h e  
t h r u s t  d e t e r m i n a t i o n ,  o n l y  t h o s e  da ta  t a k e n  a t  background p r e s s u r e s  l e s s  than  
1x10-3 t o r r  a r e  u s u a l l y  c i t e d .  
r e p o r t e d  he re  i f  ev idence  was presented  i n d i c a t i n g  t h a t  f a c i l i t y  
e f f e c t s  were m i n i m a l .  
Some t h r u s t  d a t a  taken  a t  h i g h e r  p r e s s u r e s  a r e  
The t h r u s t  power e f f i c i e n c y  i s  d e f i n e d  as:  
r lP = 1 / 2  mv2x10-6 
where P and m a r e  i n  kW and g/s,  r e s p e c t i v e l y .  
The t h r u s t  e f f i c i e n c y  i s :  
T I s p  
Q = 0.0049 
where 
P = Pe + mho 
( 1 )  
( 2 )  
( 3 )  
Magnet power i s  n o t  cons ide red  i n  any o f  t h e  e f f i c i e n c y  c a l c u l a t i o n s .  The 
room tempera ture  gas power, mho, i s  u s u a l l y  smal l  enough t o  be n e g l i g i b l e .  
The h i g h e s t  c o n t r i b u t i o n  o f  mho would p r o b a b l y  be p r o v i d e d  by hydrogen. A s  
an example, a t y p i c a l  3.6 MW hydrogen t h r u s t e r  f l o w r a t e  m i g h t  be 2 .75  g / s  
( r e f .  16).  I n  t h i s  case, mho would be o n l y  0 . 3  p e r c e n t  o f  t h e  e l e c t r i c  power. 
a measure o f  t h e  maximum amount o f  power t h a t  can be t r a n s f e r r e d  t o  t h e  p r o p e l -  
l a n t .  The thermal  e f f i c i e n c y  for a c t i v e l y  c o o l e d  dev i ces  i s  g i v e n  by :  
An upper bound on t h e  t h r u s t  e f f i c i e n c y  i s  t h e  thermal  e f f i c i e n c y  wh ich  i s  
L P - P  
P 
q t h  = (4) 
where P L  i s  t h e  power l o s t  t o  the a r c j e t  water  c o o l i n g  system. I n  many 
exper imen ts ,  PL 
t h i s  loss mechanism dominates .  
i s  s i m p l y  approximated by  t h e  power l o s t  t o  t h e  anode s i n c e  
F i g u r e  1 5  shows the rma l  e f f i c i e n c i e s  o f  wa te r -coo led  t h r u s t e r s  o p e r a t i n g  
a t  power l e v e l s  from 20 t o  250 kW. Data  a r e  c i t e d  from r e f e r e n c e s  6, 8, 24, 
55 and 56. Thermal e f f i c i e n c i e s  of  a rgon  and ammonia t h r u s t e r s  o p e r a t i n g  a t  
l e s s  than  130 kW a r e  l e s s  than  65 p e r c e n t .  Hydrogen t h r u s t e r s  have demon- 
s t r a t e d  about  80 p e r c e n t  conve rs ion  o f  e l e c t r i c  power t o  power a v a i l a b l e  f o r  
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p r o p u l s i o n .  Most of these d a t a  a r e  upper  bounds s i n c e  r e l a t i v e l y  sma l l  l o s s e s  
l i k e  t h o s e  assoc ia ted  w i t h  t h e  cathode a r e  sometimes n o t  i n c l u d e d  i n  t h e  c a l c u -  
l a t i o n .  Thermal e f f i c i e n c i e s  were a l s o  d e r i v e d  from anode h e a t  f l u x  c a l c u l a -  
t i o n s  based on tempera ture  d a t a  from a MW-class quas i - s teady  s t a t e  t h r u s t e r  
( r e f .  56 ) .  Thermal e f f i c i e n c y  e s t i m a t e s  based on anode l o s s e s  v a r y  from 78 to  
87 p e r c e n t  i n  the 1 t o  3 MW range u s i n g  a rgon  as t h e  p r o p e l l a n t .  O v e r a l l ,  
these d a t a  imp ly  there i s  p o t e n t i a l  for h i g h  per fo rmance a t  t hese  h i g h  powers 
s i n c e  t h e  power i n p u t  t o  t h e  plasma i n c r e a s e s  w i t h  power l e v e l .  F i g u r e  15 
a l s o  shows t h e r e  i s  a r e d u c t i o n  i n  the rma l  e f f i c i e n c y  as J2/m i n c r e a s e s  i n  a 
quas i - s teady  s t a t e  t h r u s t e r .  S ince  i n c r e a s e s  i n  J 2 / m  a r e  a s s o c i a t e d  w i t h  
i n c r e a s e s  i n  s p e c i f i c  impu lse ,  d a t a  of MW-class s t e a d y - s t a t e  t h r u s t e r s  a r e  
needed t o  f u r t h e r  examine per fo rmance s e n s i t i v i t i e s  t o  J2/m. 
The power depos i ted  i n  t h e  anode of t h e  quas i - s teady  s t a t e  t h r u s t e r  can be 
approx imated by t h e  sum o f :  ( 1 )  t h e  power a s s o c i a t e d  w i t h  t h e  c o n d u c t i o n  e l e c -  
t r o n  anode vo l tage  drop ,  ( 2 )  power i n v e s t e d  i n  h e a t i n g  e l e c t r o n s ,  and ( 3 )  
power a s s o c i a t e d  w i t h  a b s o r b i n g  t h e  e l e c t r o n s  a t  t h e  anode ( r e f .  56) .  The 
anode power loss Pa i s :  
5 k Te + + )~10  -3 ( 5 )  
A t  1 .3  MW, i t  was e s t i m a t e d  t h e  power l o s s e s  a s s o c i a t e d  w i t h  t h e  anode 
drop ,  h e a t i n g  conduct ion  e l e c t r o n s ,  and anode work f u n c t i o n  were 14, 3, and 
4 p e r c e n t  o f  the  i n p u t  e l e c t r i c  power, r e s p e c t i v e l y .  The m a j o r  anode loss was 
a s s o c i a t e d  w i t h  d e p o s i t i n g  t h e  k i n e t i c  energy  of t h e  c o n d u c t i o n  e l e c t r o n s  i n t o  
t h e  anode. 
F i g u r e  16 shows t h e  e x t e n t  o f  t y p i c a l  a r c  e l e c t r o d e  l o s s e s  and t h e  t h r u s t  
power r e l a t i v e  to t h e  i n p u t  e l e c t r i c  power ( r e f s .  24, 31, and 57 ) .  A t  t h e  low 
i n p u t  power l e v e l  t h e  s p e c i f i c  power was 1300 k J / g  and t h e  s p e c i f i c  impu lse  
was 2500 s .  The r e s u l t a n t  e l e c t r o d e  l o s s e s  were 57 p e r c e n t .  A t  t h e  l ower  spe- 
c i f i c  powers o f  180 t o  350 k J / g ,  t h e  e l e c t r o d e  l o s s e s  were reduced.  T h r u s t  
e f f i c i e n c i e s  i n  these t h r e e  cases were about  t h e  same and v a r i e d  from 0.17 t o  
0.20. The remainder o f  t h e  l o s s e s  a r e  a s s o c i a t e d  w i t h  d i s s o c i a t i o n ,  i o n i z a -  
t i o n ,  e x c i t a t i o n ,  exhaust  d i ve rgence ,  and v i s c o u s  f low e f f e c t s .  
A t  p r e s e n t ,  t h e r e  a r e  no thermal  e f f i c i e n c y  or per fo rmance l i m i t  d a t a  for  
MW-class MPD t h r u s t e r s  o p e r a t i n g  i n  t h e  s t e a d y - s t a t e  mode. Anode l o s s e s  and 
impacts  o f  o p e r a t i n g  a t  h i g h  s p e c i f i c  powers and h i g h  s p e c i f i c  impu lse  near  
o n s e t  s h o u l d  be i d e n t i f i e d  and q u a n t i f i e d .  E a r l y  i n  t e c h n o l o g y  programs and 
p r i o r  t o  development o f  h i g h - f i d e l i t y  t h r u s t - s t a n d s ,  t he rma l  e f f i c i e n c i e s  f o r  
s t e a d y - s t a t e ,  MW-class MPD t h r u s t e r s  shou ld  be o b t a i n e d  so upper  bounds on 
t h r u s t  e f f i c i e n c y  can be de termined.  
The b e s t  MPD t h r u s t e r  per fo rmance d a t a  o b t a i n e d  t o  d a t e  a r e  shown i n  
f i g u r e s  17 t o  20. References a r e  c i t e d  on each f i g u r e .  Some d a t a  i n  t h e  
l i t e r a t u r e  a r e  no t  r e p o r t e d  because o f  ev idence  o f  h i g h  e l e c t r o d e  e r o s i o n .  
O the r  d a t a  a r e  not i n c l u d e d  i f  t h e  vacuum f a c i l i t y  p r e s s u r e  was g r e a t e r  t h a n  
1x10-3 tor r ,  s i n c e  t h i s  c o n d i t i o n  m i g h t  i n f l u e n c e  t h e  t h r u s t  measurements due 
t o  gas en t ra inmen t  i n  t h e  d i s c h a r g e .  Hydrogen and l i t h i u m  d a t a  a r e  shown i n  
f i g u r e  17. The b e s t  performance u s i n g  hydrogen has been o b t a i n e d  w i t h  
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quas i - s teady  s t a t e  d e v i c e s .  The t h r u s t  e f f i c i e n c y  of about  0 .43  was o b t a i n e d  
a t  s p e c i f i c  impu lse  va lues  of 3500 and 4900 s and i n p u t  power l e v e l s  o f  3.6 
and 1 . 5  MW, r e s p e c t i v e l y .  Bo th  s e l f - f i e l d  and a p p l i e d - f i e l d  d e v i c e s  p r o v i d e d  
h i g h  t h r u s t  e f f i c i e n c i e s  (0 .43  t o  0.45) ( r e f s .  16 and 58) .  H ighe r  va lues  of 
t h r u s t  e f f i c i e n c y  (0.48 t o  0 .68 )  were o b t a i n e d  w i t h  l i t h i u m  a t  powers l e s s  
t h a n  20 kW. A t  t hese  low power l e v e l s ,  a p p l i e d  magnet ic  f i e l d s  were used t o  
p r o v i d e  o p e r a t i o n  a t  3400 t o  5400 s s p e c i f i c  impu lse .  H igh  per fo rmance hydro-  
gen and l i t h i u m  t h r u s t e r s ,  o p e r a t i n g  a t  a s p e c i f i c  impu lse  o f  about  5000 s ,  
have t h r u s t  e f f i c i e n c i e s  t h a t  a r e  a t  l e a s t  20 p e r c e n t  ( H 2 )  and 90 p e r c e n t  ( L i )  
h i g h e r  than  t h e  b e s t  e f f i c i e n c i e s  o b t a i n e d  w i t h  t h e  p r o p e l l a n t s  "3, N2H4, A r ,  
or N2. 
t h e r e  a r e  v i r t u a l l y  no  l o s s e s  a s s o c i a t e d  w i t h  t h e  p r o d u c t i o n  o f  m u l t i p l y  
charged species s i n c e  d i s s o c i a t e d  hydrogen can o n l y  be s i n g l y  i o n i z e d ,  and 
l i t h i u m  has a second i o n i z a t i o n  p o t e n t i a l  of 75 eV. L i t h i u m  may n o t ,  however, 
be an a t t r a c t i v e  p r o p e l l a n t  because of t h e  p o t e n t i a l  for s p a c e c r a f t  contami na- 
t i o n  due t o  p r o p e l l a n t  condensat ion .  Hydrogen i s  a v e r y  a t t r a c t i v e  p r o p e l l a n t  
f o r  l u n a r  and Mars c a r g o  v e h i c l e s  because o f  i t s  h i g h  per fo rmance,  and t h e  f a c t  
t h a t  i t  i s  l i k e l y  t h a t  t r a n s p o r t a t i o n  s c e n a r i o s  w i l l  i n v o l v e  l ong - te rm s t o r a g e  
o f  hydrogen loxygen for h i g h  t h r u s t  p r o p u l s i o n  of manned and c a r g o  v e h i c l e s .  
A common p r o p e r t y  shared by hydrogen and l i t h i u m  p r o p e l l a n t s  i s  t h a t  
f i g u r e  18 shows t h e  performance o f  i n e r t  gas MPD t h r u s t e r s .  S p e c i f i c  
impu lse  va lues  i n  t h e  2000 t o  4000 s range have been o b t a i n e d  u s i n g  p u l s e d  
s e l f - f i e l d  t h r u s t e r s  and a l s o  low-power a p p l i e d - f i e l d  t h r u s t e r s  u s i n g  a rgon  
p r o p e l l a n t .  
c i e n c i e s  o f  high-power,  argon, pu lsed MPD t h r u s t e r s  i n  t h e  2000 t o  3500 s 
s p e c i f i c  impu lse  range were 0.2 t o  0.3.  S i g n i f i c a n t  amounts o f  power can be 
i n v e s t e d  i n  the  p r o d u c t i o n  o f  m u l t i p l y  charged argon i o n s ,  as t h e  f i r s t  t h r e e  
i o n i z a t i o n  p o t e n t i a l s  for argon are  o n l y  15.8, 27.6,  and 40.9 eV. 
Repor ted  e f f i c i e n c i e s  fo r  argon have n o t  exceeded 0.35. The e f f i -  
Data  from t h r u s t e r s  u s i n g  n i t r o g e n  c o n t a i n i n g  p r o p e l l a n t s  such as N2, "3, 
and N2H4, ( r e f .  59.)  d i s p l a y e d  i n  f i g u r e  19. Values o f  s p e c i f i c  impu lse  i n  
t h e  2000 t o  3500 s range have been o b t a i n e d  w i t h  30 kW and MW-class p u l s e d  
t h r u s t e r s ;  t h e  t h r u s t  e f f i c i e n c i e s  a r e  i n  t h e  0.2 t o  0 .3  range.  M o l e c u l a r  p ro -  
p e l l a n t s  c o n t a i n i n g  hydrogen have been found t o  produce r e l a t i v e l y  h i g h  p e r -  
formance compared t o  argon because, i n  a d d i t i o n  t o  t h e  e l e c t r o m a g n e t i c  t h r u s t  
component, t h e r e  i s  a l s o  s i g n i f i c a n t  e l e c t r o t h e r m a l  a c c e l e r a t i o n  ( r e f .  42) .  
Ammonia and h y d r a z i n e  p r o p e l l a n t s  are a l s o  a t t r a c t i v e  from t h e  system stand- 
p o i n t  because t h e y  a r e  space s t o r a b l e .  On t h e  n e g a t i v e  s i d e ,  s i g n i f i c a n t  
amounts o f  power can be d i s s i p a t e d  i n  t h e  d i s s o c i a t i o n  and i o n i z a t i o n  o f  ammo- 
n i a  and i t s  p r o d u c t s .  I t  has been e s t i m a t e d  t h a t  t h e  energy  c o s t  for t h e  ammo- 
n i a  mo lecu le  t o  f u l l y  d i s s o c i a t e  and i o n i z e  i s  a t  l e a s t  70 eV ( r e f .  31).  
U s i n g  t h i s  e s t i m a t e ,  a f u l l y  i o n i z e d  1 MW t h r u s t e r  w i t h  an ammonia f low r a t e  
of 1 g / s  would have abou t  40 pe rcen t  o f  i t s  power i n  d i s s o c i a t i o n  and i o n i z a -  
t i o n .  A s i g n i f i c a n t  e f f o r t  i s  needed t o  assess performance l i m i t s  o f  these  
space s t o r a b l e  p r o p e l l a n t s  a t  megawatt power l e v e l s  i n  b o t h  t h e  p u l s e d  and 
s t e a d y - s t a t e  mode. 
f i g u r e  20 shows t h e  t h r u s t  e f f i c i e n c y  for v a r i o u s  MPD t h r u s t e r s  o p e r a t i n g  
w i t h  a wide v a r i e t y  o f  p r o p e l l a n t s  ove r  a l a r g e  range o f  i n p u t  e l e c t r i c  
power. Low power (20 t o  30 kW) e f f i c i e n c y  d a t a  f o r  hydrogen, ammonia, and 
a rgon  have been r e p o r t e d  as h i g h  as 0 .30  t o  0 .35 .  L i t h i u m  e f f i c i e n c i e s  a r e  as 
h i g h  as 0.69. I n  a l l  cases, t h e  low power dev i ces  r e q u i r e d  a p p l i e d  magne t i c  
f i e l d s  t o  a t t a i n  such per fo rmance l e v e l s .  E f f i c i e n c y  d a t a  i n  t h e  1 t o  6 MW 
range were o b t a i n e d  e x c l u s i v e l y  f rom quas i - s teady  s t a t e  t h r u s t e r s .  The h i g h -  
e s t  e f f i c i e n c y  observed (0 .45 )  was o b t a i n e d  w i t h  hydrogen w h i l e  d a t a  from a l l  
o t h e r  p r o p e l l a n t s  a r e  grouped i n  the 0.10 t o  0.35 range .  
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I f  MPD t h r u s t e r  e f f i c i e n c y  requ i remen ts  f a l l  i n  t h e  0 .5  t o  0.7 range,  a 
s i g n i f i c a n t  e f f o r t  w i l l  be r e q u i r e d  t o  de te rm ine  i f  p r o p e l l a n t s  o t h e r  than  
hydrogen a r e  cand ida tes  f o r  systems r e q u i r e d  t o  p e r f o r m  e n e r g e t i c  m i s s i o n s  
whose v e l o c i t y  inc rement ,  AV,  i s  i n  excess o f  10 km/s. I n  a d d i t i o n  t o  o v e r a l l  
performance l i m i t  e v a l u a t i o n s ,  i t  i s  a l s o  necessary  t o  d e t a i l  t h e  p a r t i t i o n i n g  
o f  power i n  t h e  MPD t h r u s t e r s  i n  o r d e r  t o  c l e a r l y  q u a n t i z e  t h e  l o s s e s  a t  e l e c -  
t r o d e s  as w e l l  as t h e  power i n v e s t e d  i n  d i s s o c i a t i o n ,  i o n i z a t i o n ,  and e x c i t a -  
t i o n .  N o n i n t r u s i v e  d i a g n o s t i c s  methods t o  l o c a l l y  de te rm ine  p r o p e l l a n t  
spec ies ,  cha rge -s ta te ,  d e n s i t i e s ,  and v e l o c i t i e s  w i l l  be i m p o r t a n t  i n  t h e  cha r -  
a c t e r i z a t i o n  o f  the  most p r o m i s i n g  t h r u s t e r  c o n f i g u r a t i o n s .  Performance l i m i t  
and power loss d i a g n o s t i c s  o f  MW c l a s s  dev i ces  w i l l  have t o  be pe r fo rmed  on 
quas i - s teady  s t a t e  t h r u s t e r s  and a l s o  s t e a d y - s t a t e  t h r u s t e r s  wh ich  r e q u i r e  
s o p h i s t i c a t e d  t e s t  env i ronments  and t e s t  s tands .  F i n a l  assessments must be 
made w i t h  s teady -s ta te  t h r u s t e r s  s i n c e  p u l s e d  d e v i c e s  do n o t  n e c e s s a r i l y  have 
t h e  same cathode plasma c h a r a c t e r i s t i c s ,  plasma s t a b i l i t y  r e l a t i o n s ,  or degree 
o f  plasma h e a t i n g  f o r  t h e  same i n p u t  s p e c i f i c  power ( r e f .  25).  
THRUSTER LIFETIME 
F i r s t  o r d e r  c a l c u l a t i o n s  of MPD p r o p u l s i o n  r e q u i r e m e n t s  for l u n a r  and Mars 
c a r g o  v e h i c l e s  i n d i c a t e  t h a t  t h e  t o t a l  impu lse  and l i f e  p e r  t h r u s t e r  shou ld  be 
1x108 t o  1x109 Ns and 2000 t o  8000 h r ,  r e s p e c t i v e l y .  
assumed t o  be i n  t h e  2000 to  5000 s range w i t h  power p e r  t h r u s t e r  o f  0 . 5  to  
3 MW. Wi th  these t h r u s t e r  endurance t a r g e t s  i n  mind, t h e  p r e s e n t  s t a t e - o f - t h e -  
a r t  w i l l  be b r i e f l y  c h a r a c t e r i z e d .  Tab le  I shows t h e  b e s t  t o t a l  impu lses  and 
extended t e s t  demonst ra t ions  of MPD t h r u s t e r s .  A quas i - s teady  s t a t e  d e v i c e  
was opera ted  1x106 c y c l e s  w i t h  ammonia a t  1 . 2  MW t o  produce 2x104 Ns  or a 
t o t a l  o p e r a t i n g  t ime of about  0.2 h r  ( r e f .  23) .  S teady -s ta te  t h r u s t e r s  i n  t h e  
0.1 t o  0 . 3  MW range have been o p e r a t e d  f o r  p e r i o d s  o f  1 t o  50 h r  t o  produce 
about  5x104 Ns  t o t a l  impu lse  ( r e f s .  24 and 25 ) .  I n  1969, McDonnell  Douglas 
conducted a 500-hr t e s t  w i t h  a low power (33  kW) MPD t h r u s t e r  wh ich  p r o v i d e d  
about  1x106 Ns  (ref. 7 ) .  
S p e c i f i c  impu lse  was 
Technology demonst ra t ions  of MPD t h r u s t e r s  t o  d a t e  have produced t o t a l  
impu lse  va lues  t h a t  a re  two t o  t h r e e  o r d e r s  o f  magn i tude below e s t i m a t e d  
requ i remen ts  for ca rgo  v e h i c l e  p r o p u l s i o n .  S ince  ex tended t e s t i n g  o f  an 
MPD t h r u s t e r  i s  very expens ive ,  s h o r t - t e r m  t e s t s  a r e  u s u a l l y  conducted t o  
de te rm ine  t h e  mass loss o f  t h e  ca thode.  The ca thode i s  t h e  most l i k e l y  compo- 
n e n t  t o  f a i l  if o p e r a t i o n  i s  n o t  conducted above t h e  " o n s e t "  c o n d i t i o n .  
Cathode mass loss has been d i r e c t l y  measured or i n  s i t u  measurements have been 
made u s i n g  r a d i o a c t i v e  t r a c e r s  ( r e f .  19 ) .  Cathode e r o s i o n  r a t e  d a t a  a r e  a l s o  
shown i n  Tab le  I. A quas i - s teady  s t a t e  t h r u s t e r  ( r e f .  23) demonst ra ted  a m i l -  
l i o n  c o l d  s t a r t s .  Because o f  t h e  c o l d  s t a r t s ,  a h i g h e r  e r o s i o n  r a t e  of 3600 
g / k A / k h r  was ob ta ined .  Repor ted  cathode e r o s i o n  r a t e s  f o r  s t e a d y - s t a t e  t h r u s -  
t e r s  v a r y  from 100 g / k A / k h r  i n  t h e  S t u t t g a r t  t h r u s t e r  t o  0.14 g / k A / k h r  wh ich  
i s  t h e  remarkable v a l u e  o b t a i n e d  by G i a n n i n i  S c i e n t i f i c  (GS)  i n  1964 ( r e f .  8 ) .  
The GS t h r u s t e r  was t e s t e d  for 50 h r  a t  about  2.1 kA. The v e r y  low r a t e  was 
a t t r i b u t e d  t o  o p e r a t i o n  a t  v e r y  low chamber p r e s s u r e s  wh ich  a l l o w e d  t h e  a r c  t o  
spread o v e r  a l a rge  surface of t h e  cathode ( r e f .  60 ) .  A p p l i c a t i o n  o f  a low- 
power e lec t romagnet  may a l s o  have been a f a c t o r  i n  t h e  s u c c e s s f u l  exper imen t .  
I t  was r e p o r t e d  t h a t  an a p p l i e d  f i e l d  of abou t  0.15 T improved anode l i f e  by  
p r e v e n t i n g  a r c  at tachment on t h e  anode i n  t h e  form o f  l o c a l i z e d  s p o t s .  
e f f e c t s  o f  app l ied-magnet ic  f i e l d s  on t h e  l i f e  o f  b o t h  e l e c t r o d e s  was f o u n d  t o  
be dependent on t h r u s t e r  geometry, a r c  c u r r e n t  and t h e  t y p e  o f  p r o p e l l a n t  i n  
t h e  l i m i t e d  number of t e s t s  conducted by G i a n n i n i  S c i e n t i f i c  ( r e f .  61 ) .  
The 
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To p r o v i d e  some u n d e r s t a n d i n g  o f  t h e  cathode e r o s i o n  r a t e  
t ime ,  cathode e r o s i o n  d a t a  a r e  shown i n  Tab le  11, and end-of-1 
a r e  made. I t  was assumed t h a t  t h e  e r o s i o n  r a t e  i s  l i n e a r  w i t h  
mpact on l i f e -  
f e  e s t i m a t e s  
r e s p e c t  t o  c u r -  
r e n t  and o p e r a t i n g  t i m e .  I t  was f u r t h e r  assumed t h a t  a 10 p e r c e n t  cathode 
mass loss ( i n  t h e  d i s c h a r g e  r e g i o n )  r e p r e s e n t s  an e n d - o f - l i f e  c o n d i t i o n ;  t h i s  
c r i t e r i a  i s  c o n s i s t e n t  w i t h  t h e  lamp i n d u s t r y  and r e s i s t o j e t  h e a t e r  end-of- 
l i f e  p r e d i c t i o n s  ( r e f .  62 ) .  Assumptions c o n c e r n i n g  cathode d iamete r  and d i s -  
charge c o n d i t i o n s  ( J  = 5000 A )  a r e  shown i n  Table 11. The p r o j e c t e d  l i f e t i m e s  
o f  t h e  quas i - s teady  s t a t e ,  0.27 MW s e l f - f i e l d ,  low-power a p p l i e d  f i e l d ,  and 
0.12 MW a p p l i e d  f i e l d  t h r u s t e r s  us ing  these  assumpt ions  a r e  0.6, 21 ,  240, and 
15 000 h r .  From these e s t i m a t e s ,  the p r o j e c t e d  l i f e  of s t e a d y - s t a t e  MPD t h r u s -  
t e r s  may p o s s i b l y  be improved by a f a c t o r  of 700 by a p p r o p r i a t e  s e l e c t i o n  o f  
d e s i g n  and o p e r a t i n g  c o n d i t i o n s .  
F i g u r e  21 shows t h e  cathode e r o s i o n  r a t e  versus a r c  c u r r e n t  i n c l u d i n g  a 
l a r g e r  d a t a  base. 
a r e  shown i n  f i g u r e  2 1 .  The h i g h e s t  e r o s i o n  r a t e s  a r e  a s s o c i a t e d  w i t h  c o l d -  
s t a r t  p u l s e d  dev i ces  which used t h o r i a t e d  t u n g s t e n  r o d  cathodes.  G e n e r a l l y ,  
about  an o r d e r  o f  magnitude lower  r a t e s  were o b t a i n e d  w i t h  p u l s e d  t h r u s t e r s  
u s i n g  porous t u n g s t e n  cathodes impregnated w i t h  b a r i u m  compounds. Heavy ero- 
s i o n  g e n e r a l l y  t akes  p l a c e  on a cathode c o l d  s t a r t  and r e s u l t s  i n  e j e c t i o n  o f  
g l o w i n g  p a r t i c l e s  ( r e f .  24 ) .  Since p u l s e d  d e v i c e s  a r e  u s u a l l y  s t a r t e d  c o l d ,  
t h e  cathode e r o s i o n  r a t e s  a r e  e x t r e m e l y  h i g h  and range from 1x103 to  
1x105 g /kA /kh r  ( 3  t o  30 pg/C) .  
expec ted  t o  o p e r a t e  r e l i a b l y  f o r  more t h a n  a f e w  h o u r s .  
Data f r o m  references 63 to  65 as w e l l  as p r e v i o u s  c i t a t i o n s  
Cathodes w i t h  such e r o s i o n  r a t e s  cannot  be 
I n  t h e  s t e a d y - s t a t e ,  hot-cathode o p e r a t i o n ,  cathode e r o s i o n  takes  p l a c e  a t  
a much lower r a t e  ( r e f .  24) .  Most o f  t h e  s t e a d y - s t a t e  cathode e r o s i o n  r a t e  
d a t a  f a l l  i n  t h e  range o f  9 to  250 g / k A / k h r  (0.003 t o  0.07 pg/C> as shown i n  
f i g u r e  21. Such e r o s i o n  r a t e s  would r e s u l t  i n  v e r y  h i g h  cathode mass l o s s e s  
which a re  i n c o n s i s t e n t  w i t h  MPD t h r u s t e r  l i f e t i m e s  o f  a f e w  thousand hours a t  
a r c  c u r r e n t s  i n  e x c e s s  o f  10 kA. 
The lowes t  cathode e r o s i o n  r a t e  was 0.14 g / k A / k h r .  The s t e a d y - s t a t e  MPD 
t h r u s t e r  used t o  o b t a i n  t h i s  d a t a  was o p e r a t e d  w i t h  hydrogen a t  an a r c  c u r r e n t  
of 2 .1  kA ( r e f .  8 ) .  An MPD t h r u s t e r  w i t h  such a cathode e r o s i o n  r a t e  would 
v e r y  l i k e l y  be capable o f  o p e r a t i n g  a t  megawatt power l e v e l s  f o r  thousands of 
h o u r s .  The G i a n n i n i  S c i e n t i f i c  exper iment  ( r e f .  8)  s h o u l d  be r e - e v a l u a t e d  i n  
o r d e r  t o  b e t t e r  understand e l e c t r o d e  wear mechanisms and de te rm ine  p o t e n t i a l  
impacts  on per formance.  
The MPD t h r u s t e r  extended t e s t s  i n d i c a t e  t h e  t o t a l  impulse demonst ra ted  
w i t h  s t a t e - o f - t h e - a r t  MPD t h r u s t e r s  needs t o  be i n c r e a s e d  by a t  l e a s t  two 
to  t h r e e  o r d e r s  o f  magnitude t o  s a t i s f y  c a r g o  v e h i c l e  p r o p u l s i o n  e s t i m a t e d  
r e q u i r e m e n t s .  Cathode e r o s i o n  r a t e s  f o r  most c u r r e n t  t h r u s t e r s  a r e  i n  excess 
o f  9 g /kA /kh r  (0 .003 pg/C) which i s  unaccep tab le  f o r  5 t o  10 kA o p e r a t i o n  f o r  
a f e w  thousand hours.  
ment t h a t  cathode e r o s i o n  r a t e s  may be f u r t h e r  reduced by n e a r l y  two o r d e r s  o f  
magn i tude t o  va lues  near 0.1 g/kA/khr  ( r e f .  8 ) .  
Tests  conducted o v e r  two decades ago o f fer  encourage- 
CONCLUDING REMARKS 
Space t r a n s p o r t a t i o n  s c e n a r i o s  and development o f  requ i remen ts  f o r  e x p l o r a -  
t i o n  c l a s s  m i s s i o n s  a r e  ongoing.  T h r u s t e r  power f o r  l o w - t h r u s t  ca rgo  v e h i c l e  
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p r o p u l s i o n  i s  es t ima ted  to  be i n  t h e  0 . 5  t o  3 MW range,  w i t h  t o t a l  impu lses  o f  
1x108 t o  1x109 Ns a t  s p e c i f i c  impu lse  l e v e l s  o f  2000 t o  5000 s .  
l i f e t i m e s  o f  2000 t o  8000 hours  w i l l  p r o b a b l y  be r e q u i r e d .  
MPD t h r u s t e r  
MPD t h r u s t e r  t echno logy  has been pursued f o r  about  25 y e a r s ,  a l t h o u g h  
ma jo r  i n d u s t r i a l  programs i n  t h e  USA f o r  t h e  development o f  h i g h  power t h r u s t e r  
t e c h n o l o g y  ceased c i r c a  1970. 
nued from 1970 t o  p r e s e n t  p r i m a r i l y  a t  u n i v e r s i t i e s  i n  t h e  USA, Japan, and 
Europe. 
m i n i m i z e  t e s t  f a c i l i t i e s  r e q u i r e m e n t s .  
Plasma r e s e a r c h  r e l a t e d  t o  MPD t h r u s t e r s  c o n t i -  
Most o f  t h e  r e s e a r c h  c e n t e r e d  on t h e  quas i - s teady  s t a t e  d e v i c e s  wh ich  
Over t h e  l a s t  t h r e e  decades, a s i g n i f i c a n t  e f f o r t  has been expended t o  
de te rm ine  t h e  e f f e c t  o f  vacuum f a c i l i t y  background p r e s s u r e  on per fo rmance.  
There i s  no  ev idence i n  t h e  l i t e r a t u r e  t h a t  s e l f - f i e l d  t h r u s t e r s  a r e  a f f e c t e d  
by background gases a t  p ressu res  l e s s  than  l ~ l O - ~  t o r r .  Wi th  t h e  a p p l i e d -  
f i e l d  t h r u s t e r ,  two compet ing e f f e c t s  i n v o l v i n g  background p r e s s u r e  were 
found .  
a c c e l e r a t i o n  mechanisms, and t h e  background gas c o u l d  be e n t r a i n e d  i n  t h e  d i s -  
charge to  enhance t h r u s t .  I n  o r d e r  t o  m i n i m i z e  vacuum f a c i l i t y  e f f e c t s  on  
a p p l i e d  f i e l d  t h r u s t e r  performance, d i a g n o s t i c  measurements shou ld  be c a r r i e d  
o u t  i n  a vacuum env i ronment  whose p r e s s u r e  i s  l e s s  t h a n  3 ~ 1 0 - ~  t o r r .  E x i s t i n g  
vacuum f a c i l i t i e s  a r e  adequate t o  hand le  t h e  flow o f  a rgon or n i t r o g e n  MPD 
t h r u s t e r s  o p e r a t i n g  i n  excess o f  1 MW i n p u t  power. Development work w i l l  be 
r e q u i r e d  f o r  MW-class t e s t  s tands .  T e s t i n g  o f  MW-class t h r u s t e r s  u s i n g  hydro-  
gen c o n t a i n i n g  p r o p e l l a n t s  w i l l  r e q u i r e  m o d i f i c a t i o n s  t o  vacuum f a c i l i t i e s  and 
thermal  c o n t r o l  s y s t e m s .  I n  a d d i t i o n  t o  h i g h  t h r o u g h p u t  vacuum systems, h i g h  
f i d e l i t y  t e s t  stands a r e  r e q u i r e d  t o  a d e q u a t e l y  c h a r a c t e r i z e  MPD t h r u s t e r  p e r -  
formance. A d e t a i l  d e f i n i t i o n  o f  t h e  a p p r o p r i a t e  t e s t  env i ronment  f o r  a 
MW-class MPD t h r u s t e r  has n o t  been d e f i n e d .  
The background p r e s s u r e  c o u l d  degrade t h r u s t  by  i n t e r f e r i n g  w i t h  t h e  
S ince  h i g h  s p e c i f i c  impu lse  i s  r e l a t e d  t o  h i g h  c u r r e n t  c a p a b i l i t y  a t  r e l a -  
t i v e l y  low f low r a t e s ,  d e f i n i t i o n  o f  o p e r a t i n g  modes and s t a b i l i t y  l i m i t s  
become i m p o r t a n t .  F l a r e d  anode MPD t h r u s t e r s  o p e r a t i n g  i n  t h e  quas i - s teady  
s t a t e  mode have demonstrated a r c  c u r r e n t s  up t o  31 kA ( a t  3 g / s >  by  i n j e c t i n g  
argon p r o  e l l a n t  near  t h e  anode w a l l .  
been r e p o r t e d  a t  a J2/m o f  200 kA2s/g .  
t e r ,  c u r r e n t  c a p a b i l i t y ,  and s p e c i f i c  impu lse  have been demonst ra ted  by u s i n g  
p r o p e l l a n t s  l i g h t e r  t h a n  argon.  
Onset parameters  (J2/m) were i n  t h e  300 
S i g n i f i c a n t  i nc reases  i n  o n s e t  parame- 
t o  350 kA 5 s /g  range. Argon s p e c i f i c  impu lse  v a l u e s  as h i g h  as 3000 s have 
Thermal e f f i c i e n c i e s  wh ich  p r o v i d e  an upper-bound on t h r u s t  e f f i c i e n c i e s  
have been r e p o r t e d  t o  be abou t  0 .60  f o r  s teady -s ta te -a rgon  and ammonia t h r u s -  
t e r s  a t  powers o f  a p p r o x i m a t e l y  0.1 MW. Hydrogen t h r u s t e r s  (0 .2  MW) had t h e r -  
mal e f f i c i e n c i e s  as h i g h  as 0.80 w h i l e  a rgon p u l s e d  d e v i c e s  had thermal  l o s s e s  
e s t i m a t e d  a t  o n l y  13 p e r c e n t  a t  3 MW. These d a t a  i m p l y  t h e r e  i s  p o t e n t i a l  for 
h i g h  performance a t  t h e  h i g h  power l e v e l s .  
R e l a t i v e l y  h igh  MPD t h r u s t e r  e f f i c i e n c i e s  o f  0.43 and 0 .69  were o b t a i n e d  
a t  about  5000 s s p e c i f i c  impu lse  u s i n g  hydrogen and l i t h i u m ,  r e s p e c t i v e l y .  
The hydrogen t h r u s t e r  was a quas i - s teady  s t a t e  d e v i c e ,  w h i l e  t h e  l i t h i u m  d a t a  
were o b t a i n e d  w i t h  a 20 kW s t e a d y - s t a t e - t h r u s t e r .  S teady -s ta te  and p u l s e d  
argon t h r u s t e r s  have demonst ra ted  e f f i c i e n c i e s  o f  0.30 t o  0.34 a t  2400 t o  
2800 s s p e c i f i c  impu lse .  A l l  o t h e r  p r o p e l l a n t s  ("3, N2H4, N2, He, and Ne) 
produced e f f i c i e n c i e s  of 0.10 t o  0.30 i n  t h e  1000 t o  4500 s s p e c i f i c  impu lse  
range .  P r o p e l l a n t s  t h a t  a r e  a t t r a c t i v e  from t h e  systems s t o r a g e  s t a n d p o i n t  
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("3, N2H4, and A r )  su f fe r  anode losses  t h a t  a r e  p r o b a b l y  15 t o  40 p e r c e n t  
o f  t h e  i n p u t  power as w e l l  as l a r g e  l o s s e s  a s s o c i a t e d  w i t h  d i s s o c i a t i o n ,  
e x c i t a t i o n ,  and mu1 t i p l e  i o n i z a t i o n  o f  p r o p e l l a n t  s p e c i e s .  Very  g e n e r a l l y ,  
t h e  e f f i c i e n c y  and s p e c i f i c  impulse l i m i t s  have been i n c r e a s e d  by  u s i n g  a 
t h r o a t - t o - c a t h o d e  d iamete r  of a t  l e a s t  3.4,  anode p r o p e l l a n t  i n j e c t i o n ,  a 
f l a red -anode  geometry, and l i g h t  p r o p e l l a n t s .  I n  some t h r u s t e r  geomet r i es  
a p p l i e d  magnet ic  f i e l d s  p l a y  an i m p o r t a n t  r o l e .  
f i e l d  t o  a p p l i e d  magnet ic  f i e l d ,  the s p e c i f i c  impu lse  o f  a p u l s e d  hydrogen 
t h r u s t e r  was i n c r e a s e d  by  n e a r l y  60 p e r c e n t .  
o f  a p p l i e d - f i e l d  dev i ces  o p e r a t i n g  a t  l e s s  t h a n  50 kW w i t h  ammonia or a rgon  
a r e  about  t h e  same as t h e  b e s t  data from p u l s e d  MW-class t h r u s t e r s  u s i n g  these  
p r o p e l l a n t s .  E f f e c t s  o f  a p p l i e d  magnet ic f i e l d s  i n  t h e  o p t i m i z a t i o n  o f  
MW-class t h r u s t e r s  shou ld  be f u r t h e r  examined. There i s  a l s o  a need f o r  pe r -  
formance l i m i t  e v a l u a t i o n s  and d e t e r m i n a t i o n  o f  l o s s e s  a s s o c i a t e d  w i t h  e l e c -  
t r o d e s ,  d i s s o c i a t i o n ,  i o n i z a t i o n ,  and e x c i t a t i o n .  N o n i n t r u s i v e  d i a g n o s t i c  
methods need t o  be deve loped to  determine p r o p e l l a n t  spec ies ,  charge s t a t e ,  
d e n s i t i e s  and v e l o c i t i e s  so accu ra te  t h e o r e t i c a l  t r e a t m e n t s  o f  t h e  MPD plasma 
a c c e l e r a t i o n  and energy  t r a n s f e r  processes can be f u r t h e r  developed. 
By chang ing  from p u r e l y  s e l f -  
The maximum t h r u s t  e f f i c i e n c i e s  
Extended t e s t s  o f  p u l s e d  and s t e a d y - s t a t e  MPD t h r u s t e r s  have demonst ra ted  
t o t a l  impu lse  c a p a b i l i t i e s  o f  about 2x104 Ns and 1x106 N s ,  r e s p e c t i v e l y .  The 
l o n g e s t  o p e r a t i n g  t i m e  was 500 h r  f o r  a 33 kW ammonia MPD t h r u s t e r  w i t h  1900 s 
s p e c i f i c  impu lse .  The demonstrated t o t a l  impu lse  va lues  a r e  a t  l e a s t  two t o  
t h r e e  o r d e r s  o f  magnitude be low t h a t  r e q u i r e d  f o r  c a r g o  v e h i c l e  p r o p u l s i o n .  
Cathode e r o s i o n  r a t e s  have been used as a t h r u s t e r  l i f e t i m e  f i g u r e - o f -  
m e r i t  s i n c e  t h e  ca thode i s  cons idered t h e  most l i k e l y  component t o  f a i l  i f  
o p e r a t i o n  i s  n o t  conducted above the " o n s e t "  c o n d i t i o n .  Enormous ca thode ero-  
s i o n  r a t e s  i n  t h e  l o 3  t o  l o 5  g /kA /kh r  range have been observed f o r  p u l s e d  s i t u -  
a t i o n s  w i t h  many c o l d - s t a r t s .  Steady s t a t e  e v a l u a t i o n s  y i e l d  r a t e s  o v e r  a 
wide range,  0.14 t o  250 g / k A / k h r .  A c c e p t a b l y  low r a t e s  (0 .14  g / k A / k h r )  were 
o b t a i n e d  w i t h  a low p r e s s u r e  a r c  chamber and a low c u r r e n t  a p p l i e d  e lec t romag-  
n e t i c  f i e l d  wh ich  a p p a r e n t l y  u n i f o r m l y  d i s t r i b u t e d  t h e  a r c  c u r r e n t  o v e r  a 
l a r g e  cathode area .  An exper imen ta l  and a n a l y t i c a l  e f f o r t  i s  needed t o  t h o r -  
o u g h l y  examine t h e  e f f e c t s  o f  e l e c t r o d e  des ign ,  a p p l i e d  f i e l d s ,  and o p e r a t i n g  
c o n d i t i o n s  on e l e c t r o d e  l i f e t i m e .  
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TABLE I. - DEMONSTRATED LIFE 
[Uncer ta in ty  i n  performance may e x i s t  due t o  the  f a c i l i t y  e f f e c t s .  
SS: Steady s t a t e . ]  
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TABLE 11. - CATHODE LIFE ESTIMATE 











I Assumpti on I 
Steady s t a t e  ope ra t i on  
1 cm diam. by 8 cm l o n g  t h o r i a t e d  tungsten cathode 
0.5 MW t h r u s t e r ,  5000 A, 100 V 
Constant e ros ion  r a t e  
10 percent  cathode mass l o s s  i s  end of l i f e  
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